We examine the literature on Oxyrrhis marina cell and life cycles, population growth and production. We then provide an overview of what is known regarding aspects of O. marina growth, indicate where information is needed and suggest ways in which this species can and cannot be used as a general model, in this respect. Little is known about the O. marina life cycle; it is even unknown if cells are haploid, diploid or polyploid, although there is one report that sex occurs by homothallic isogamy. There is considerable information on the cell cycle, which we briefly review and provide a guide to the literature for details. We briefly discuss and provide guidance to information on: (i) population cell size distributions; (ii) cannibalism; (iii) our first report of "mini-cells" in cultures ( 8 mm) and their possible role in the life cycle; (iv) cysts, and their possible role in the life and cell cycles; (v) biotic influences on growth, such as food type and abundance, assimilation efficiency, prey stiochiometry, strain differences, population growth and starvation and nutritional shifts; (vi) abiotic factors that affect growth, such as temperature, salinity, pH, light and turbulence. We then reflect on the consequences of interactions between the above factors and review data on population growth of O. marina in the field and laboratory. Finally, we evaluate the use of O. marina as a model organism to examine cell and life cycles and ecological processes. Throughout the paper, we suggest areas that need evaluation.
conjugation, where two cells exchange, or combine, gametic nuclei, either by fusing into a single cell, as is the case for dinoflagellates, or temporarily fusing and then separating, as is the case for ciliates. Of course, growth also occurs by cells increasing in size during the cell cycle, where maximum, pre-division cell size is determined by biotic and abiotic factors, such as food abundance and ambient temperature (e.g. Kimmance et al., 2006) .
Beyond their importance in pelagic food webs, protozoa are also useful tools to understand fundamental biological processes. Because of their tractability, protozoa (including planktonic taxa) have been employed as models to examine cell cycles (e.g. Berger, 2001) , life cycles (e.g. Bell, 1988) and the constraints of external factors on optimal size (e.g. Atkinson et al., 2003) . Furthermore, repeated cell cycles result in population growth, and protozoa have historically been, and continue to be, used as models to examining concepts associated with population dynamics (e.g. Gause et al., 1936; Fenton et al., 2010) . Thus, uncovering the mechanisms underlying the cell and life cycles of planktonic protozoa is useful to understand both ecological and fundamental biological processes.
Why then should we focus on the heterotrophic dinoflagellate Oxyrrhis marina? First, this species is planktonic: it remains in the water column, is moved by currents and behaves (swimming, growth, feeding) like many planktonic protozoa including other heterotrophic flagellates. Although O. marina blooms occur in large bays, producing "red tides" (10 5 cells mL 21 ) and it can regularly be found in estuaries at abundances of 10-100 mL 21 (Fenchel et al., 1995; Johnson et al., 2003; Begun et al., 2004) , O. marina rarely occurs in the open ocean. Rather, O. marina is typical of shallow waters and littoral and supralittoral pools (Johnson, 2000; Kimmance et al., 2006) . Thus, at times O. marina may be trophically important as a grazer and prey for other organisms, but in terms of open-ocean plankton dynamics assessing the specific importance of O. marina is of a lesser concern. There are, nonetheless, significant benefits to using O. marina as a model for other openocean species, as, unlike many planktonic protozoa, it is easy to obtain from natural samples, identify, maintain in culture and manipulate in experiments.
Directly pertinent to this review, over the past 100 years, O. marina has been extensively studied, and much of this research has been associated with the cell cycle and population growth; in contrast, far less work has been conducted on its life cycle . Here we examine the literature on O. marina cell and life cycles, population growth and production (growth rate Â cell size). Our aim is to provide an overview of what is known regarding aspects of O. marina growth, indicate where information is needed and suggest ways in which this species can and cannot be used as a general model, in this respect.
L I F E C YC L E
The generalized life cycle of dinoflagellates includes several stages (Pfiester and Anderson, 1987; Fig. 1) . Under favoured conditions (e.g. sufficient nutrients), cells (which are typically but not always haploid) divide vegetatively by binary fission, allowing population growth. Due to some trigger (e.g. lack of nutrients, shift in temperature), haploid cells act as gametes and fuse to form a diploid zygote that may continue to be motile but in some cases forms a resting cyst. Diploid cells then undergo a single meiotic division to produce haploid cells-note that some dinoflagellates, such as Noctaluca, are diploid, and thus do not follow this generalized dinoflagellate model (Fig. 1) . Most dinoflagellates are homogamous (i.e. gametes do not differ from vegetative cells), but some are isogamous (i.e. gametes differ from vegetative cells in size, pigmentation or presence of a theca but are similar to each other), and others may be anisogamous (gametes differ from each other). (Pfiester and Anderson, 1987) . The haplontic cycle is represented by a stylized gymnodinoid dinoflagellate, while the diplontic cycle is represented by a stylized form of Noctoluca. See text for an explanation of terms.
Furthermore, although most dinoflagellates are monoecious (homothallic), some may be dioecious (heterothallic), not being able to conjugate within a clone.
As indicated above, we know little about the life cycle of O. marina. It is even unknown whether the cells are haploid, diploid or polyploid (Sano and Kato, 2009 ). To our knowledge, only one researcher has reported on sex in O. marina (von Stosch, 1972a,b) : O. marina is isogamous, with gametic cells being "considerably" smaller than vegetative cells, and gametes were suggested to be formed by two typical meiotic divisions (although data were lacking to support this); the zygote enlarges after fusion (von Stosch, 1972a) . Zygotes are motile during meiosis, and both flagella are retained in a "skiing-track fashion" and are "distributed singly to the daughter cell of the first meiotic division" (von Stosch, 1972b) . Below, we quote directly from von Stosch (von Stosch, 1972a), as we are unsure of his meaning (no illustrations accompany his text), but "as chance favours the prepared mind" (L. Pasteur), we provide his description in the hope that a keen observer will make sense of it: "In Oxyrrhis, however, the chromosomes could not be seen in the living meiocyte and only circular motion of the nucleoli, which are driven around with the chromosomes, could be observed. The cytology of fertilization and meiosis in this organism is rather well, if not completely, known to us, and older zygotes or meiocytes respectively can easily be recognized by large size attained by voracious feeding . . . . Even in Oxyrrhis, where the chromosomes appear short in vegetative interphase, they are considerably stretched in zygotene". Sex may be induced by changing food type, from Pyraminonas to Dunaliella (von Stosch, personal communication in Pfiester and Anderson, 1987) .
To the observations above, we can add one new insight: we routinely observe conspicuously small O. marina cells ( 8 mm) in many of our cultures, occurring across all of the currently recognized Oxyrrhis phylotypes (see Lowe et al., 2010 for a description of the major genetic lineages). The small cells may be gametes (see Mini-cells, below; Fig. 2) ; however, we have not discovered the factors that stimulate their production, observed fusion of these mini-cells, nor ascertained their ploidy. Clearly, there is a great scope for the study of the life cycle of O. marina. The implications of sex in cultures are worth considering, as a clonal culture unable to have sex may reduce in fitness over time (Bell, 1988) ; possibly undetected sex is the reason for O. marina cultures surviving for years. Likewise, if it becomes possible to perform mating experiments with O. marina, a new field of studies, associated with classical genetic recombination and survival strategies (e.g. Bell, 1988) , will be opened to plankton researchers using this species. Given the existing, extensive, application of O. marina as a model for planktonic species , the added ability to examine life cycle traits would broaden its utility to assess planktonic processes.
C E L L C YC L E
Here we do not provide a detailed description of the cell cycle but indicate some major features and offer a guide to the extensive literature on the subject. For a review of the dinoflagellate cell cycle, see Pfiester and Anderson (Pfiester and Anderson, 1987) .
Cell division
Over the past 100 years (e.g. Senn, 1911; Hall, 1925; Triemer, 1982; Gao and Li, 1986; Whiteley et al., 1993; Kato et al., 1997 Kato et al., , 2000 Sano and Kato, 2009) , there have been a number of detailed descriptions of the intracellular processes and stages involved in the cell cycle of O. marina, and we direct the interested reader to these works. Cell division in O. marina is transverse, and during the cell cycle the chromosomes are always condensed, as is typical for dinoflagellates, but there are differences from other dinoflagellates in the structural organization of division that make O. marina phylogenetically unique (see the above references).
As is typical of eukaryotes, in exponentially growing cultures of O. marina, there are three phases to the cell cycle: G 1 (between the end of mitosis and the beginning of DNA replication), S (DNA replication) and G 2 (between the end of DNA replication and the beginning mitosis) þ M (meiosis) (Whiteley et al., 1993; Sano and Kato, 2009) . Most of the cell cycle, of exponentially growing cells, is spent in G 2 þ M, and G 1 is reduced (Whiteley et al., 1993; Sano and Kato, 2009 ). However, Whiteley et al. (Whiteley et al., 1993) indicate that stationary-phase cells accumulate in G 1 and G 2 , and nutrient-limited cells accumulate at G 2 , rather than G 1 ; they conclude that nutrient-dependent control points exist at both G 1 and G 2 , with the main control point in G 2 . Their data led Whiteley et al. (Whiteley et al., 1993) to suggest that this is a mechanism adapted to feast-or-famine conditions, often experienced by protozoa; they proposed a dual limitation of the cell cycle that would allow cells to slowly progress through G 1 to G 2 when key nutrients are limited but not absent, allowing cells to accumulate in G 2 in anticipation of feast conditions, when they could rapidly divide and exploit the resource.
Intra-and inter-population size distributions
Cell size (i.e. volume) changes during the cell cycle; this is expected and clearly depicted in early observations of dividing O. marina (e.g. Hall, 1925) and in cell-size distributions revealed by more modern techniques, such as flow cytometry (e.g. Sano and Kato, 2009 ). However, it should be noted that cell size of O. marina also changes with nutritional state (see Biotic factors and Abiotic factors, below) and, temperature (Kimmance et al., 2006) ; it also appears, from our initial evaluation of 400 isolated strains of O. marina, that strains may vary in maximum size (Lowe, unpublished results) .
Cannibalism
Large cannibals in O. marina populations can occur (Ö pik and Flynn, 1989; Flynn and Davidson, 1993a; Martel and Flynn, 2008 ): a few cells ( 2% in a population; Martel and Flynn, 2008) are cannibalistic, and this may depend on available prey and the nutritional state of O. marina. Clearly, the occurrence of cannibals will alter the distribution of cell sizes in a population and potentially alter population growth (see below). However, it is unknown whether cannibals initially grow larger and then ingest other O. marina or whether the increase in size is a consequence of prey consumption.
Mini-cells
Here we provide, to our knowledge, the first report of mini-cells occurring within O. marina cultures. Within our routine observations of the 400 isolates of O. marina that we are presently maintaining (at the University of Liverpool, School of Biological Sciences), small cells ( 8 mm) occur, compared to the typical 20-30 mm cells (Fig. 2) . These have been confirmed to be O. marina, by PCR sequencing of 5.8S ITS rDNA fragments (following methods outlined in Lowe et al., 2005 Lowe et al., , 2010 , and are observed in all four clades of Oxyrrhis, including the lineage we have suggested to be a different species (Lowe et al., 2010a) . As indicated above, we do not know the origin of these mini-cells and can only speculate that they may be gametic (see Life Cycle, above).
Cysts
Post-conjugation resting cysts form in many dinoflagellates (Pfiester and Anderson, 1987; Fig. 1) . Although Goodman (Goodman, 1987) suggests Oxyrrhis does not produce cysts, there are reports in the literature of cysts. However, neither of the two descriptions of cyst formation in Oxyrrhis are related to sex. Although we are not convinced that we have ever seen cysts (but see Fig. 2 ), and to our knowledge neither have other recent studies, O. marina may form thin-membrane covered cysts ( Fig. 3 ) induced by both excess and lack of food (Hall, 1925) . A more recent study indicated that Oxyrrhis sp. ( possibly not O. marina; see Lowe et al., 2005 Lowe et al., , 2010 , found in intertidal rock pools, formed robust adherent cysts (Jonsson, 1994) that were speculated to allow the dinoflagellate to maintain its place in the pools when they were flushed by the incoming tide. We suggest that, as for observations of the life cycle, researchers also should be vigilant for the occurrence of cysts when they examine cultures; Fig. 3 . Temporary cysts of Oxyrrhis marina, from Hall (Hall, 1925) ; note the lack of flagella and the thin membrane around the cells.
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G ROW T H R AT E , C E L L S I Z E , P RO D U C T I O N A N D A S S I M I L AT I O N
Below, we examine factors that alter the specific growth rate, cell size, production and assimilation of O. marina under various biotic and abiotic conditions. Specific growth rate, or per capita growth rate, is typically determined as the slope of the relationship of the natural log of abundance versus time, in exponentially growing cultures; it is often examined in relation to prey abundance (the numerical response) but is also examined in response to abiotic factors (e.g. temperature). Cell size (i.e. volume), estimated from linear measurements made with a microscope, or by automated means such as electronic particle counters or flow cytometers is often used as a proxy for biomass and may be converted to carbon (see Menden-Deuer and Lessard, 2000) . Given that both specific growth rate and volume may be influenced by biotic and abiotic factors, some authors (e.g. Kimmance et al., 2006) have examined their product (growth rate Â volume) to determine production; i.e. the amount of biomass elaborated per time. Finally, the amount of material assimilated by an organism is a key component of most population models (Turchin, 2003; Fenton et al., 2010) , and consequently there is a need to determine how biotic and abiotic factors alter assimilation.
Biotic factors
Food type and abundance Oxyrrhis marina will grow on a wide range of taxa (from bacteria to cells of its own size) and prey abundances; clearly though, some prey elicit a higher growth rate than others (Fig. 4, Table I ; Tarran, 1991) . Furthermore, the quality of the prey, in terms of nutrient stoichiometry and chemical cues, may alter uptake and presumably then growth (this topic is beyond the scope of the present review, and the interested reader is directed to the reviews on this topic: Davidson et al., 2010; Roberts et al., 2010) .
Cell size and production also vary with prey concentration, both following a similarly shaped, rectangular hyperbolic response, akin to the functional response (Kimmance et al., 2006) . Surprisingly, O. marina cell size rarely reaches an asymptote over the prey abundance range where growth rate has become asymptotic (e.g. Jeong et al., 2001; Kimmance et al., 2006; Fig. 5 ,  Table II) , which results in biomass production continuing to increase with prey abundance, even when the growth rate is constant. Thus, in this case, O. marina has provided a model to illustrate that both the growth rate and cell size must be measured when studies are (Jeong et al., 2007b) ; mixed natural bacteria (Jeong et al., 2008) ; Dunaliella primolecta, Chlamydomonas spreta, Brachiomonas submarina, Nanochloropsis oculata (Fuller, 1990) ; Isochrysis galbana (Kimmance et al., 2006) ; Dunaliella primolecta*, Dunaliella primolecta** (unpublished data, Yang and Montagnes, using two strains of O. marina as predators, *351_FAR01, **45_BOG01, Univ. Liverpool cultures of O. marina). All responses were fit to the equation r ¼ r max Â (P 2 P 0 )/(k þ P 2 P 0 ), where r is growth rate and r max is the asymptotic growth maximum (both with units of day 21 ), P is prey concentration, P 0 is the prey concentration where growth rate is zero and k is a constant; P, P 0 and k have units of (ng carbon mL 21 ).
concerned with the biomass production of planktonic protozoa.
Assimilation and gross growth efficiency
The proportion of ingested material assimilated by protozoa is exceedingly difficult to determine, as measurements of this parameter typically require estimates of egestion, which is not easily measured in protozoa. Rather, gross growth efficiency (or yield), the proportion of ingested material converted to consumer biomass, is typically determined for protozoa, and this has been done for O. marina (Fuller, 1990; Tarran, 1991; Kimmance et al., 2006) , with values ranging between 0 and 70%, depending on prey concentration and temperature (see Abioitc factors, below). However, recently, using data on O. marina (from Kimmance et al., 2006) , Fenton et al. (Fenton et al., 2010) have provided a means to calculate assimilation efficiency when data are available for both the functional (i.e. ingestion versus prey abundance) and numerical responses. For O. marina, this analysis indicated a significant decrease in assimilation efficiency with increasing prey abundance (from 1 to 0.5 over a range of 0 to 10 5 Isochrysis galbana mL
21
). Thus, using O. marina, Fenton et al. (Fenton et al., 2010) have paved the way for exploration of this phenomenon in other protozoa.
Prey stoichiometry
The "quality" of phytoplankton ( prey for O. marina and other protozoa), in terms of nutrient and metabolic composition, changes within the growth cycle and as a response to various biotic and abiotic factors (Davidson et al., 1992; Flynn et al., 1993) . This variability can be a major factor influencing the growth of protozoa (Goldman and Dennett, 1992; John and Davidson, 2001; Montagnes et al., 2008) . While the composition of a range of metabolites may be important in this process, the stoichiometric balance of bulk cell carbon and nitrogen are often chosen as indices of prey quality, being relatively easily quantified and composing a large fraction of the biomass of the cell.
A number of studies based on O. marina have investigated this topic. Flynn and Davidson (Flynn and Davidson, 1993b) noted that a proportion of ingested C is lost through respiration associated with the energy demands of growth and motility. Carbon is also lost through the formation of C-rich "micro-particles" that void excess C when prey are N deplete. Davidson et al. (Davidson et al., 1995) , using a combined experimentalmodelling approach, suggested that O. marina optimizes growth by maintaining a balanced C:N ratio, and Hammer et al. (2001) have used O. marina grazing and growth as an experimental model system to study 
, where V is cell volume, V max is the asymptotic maximum volume and V 0 is cell volume at zero prey (all three with units of mm 3 ), P is prey concentration and k is a constant (both with units of ng carbon mL 21 ). 
Strain differences
Primarily through our work, there is a growing awareness that there are genetically distinct strains of O. marina (see Lowe et al., 2005 Lowe et al., , 2010 , and many of these exhibit distinct growth responses (Lowe et al., 2005 ; Yang et al., in preparation). Our main methodological conclusion from this is that researchers examining biological parameters, including those associated with growth, must define the strain of O. marina that they are working on (see Lowe et al., 2010) .
Population growth
To our knowledge, there are no data that illustrate a typical sigmoidal logistic-growth response (i.e. abundance versus time) for O. marina (but see Fig. 6 ); such responses occur when resources (e.g. prey for O. marina) are replete, and it is the population abundance of the target organism that influences its own growth rate. However, from the literature, we can estimate maximum growth rate (r) that may range around 1.0 day 21 (Fig. 5) ; this figure agrees with general estimates for protozoa (and specifically dinoflagellates and other heterotrophic flagellates) of a similar size (Hansen et al., 1997) , supporting the suitability of O. marina as a model, in this respect. The carrying capacity (K) may be up to 10 5 O. marina mL 21 (Begun et al., 2004; Fig. 6; Roberts, unpublished data) . Combined, these estimates allow us to make some predictions of logistic growth, assuming that the growth rate decreases linearly with increasing O. marina abundance (but see Sibly and Hone, 2002 , for modifications on the general logistic growth curve that allow growth rate to decrease in a nonlinear manner with increasing prey abundance).
However, it is unlikely that under most conditions (natural or batch cultures in the laboratory), resources will remain replete, and thus logistic growth is an unlikely scenario. Most of our laboratory data on population dynamics of O. marina and its prey indicate that either predators and prey exhibit population cycles or populations become roughly stable (Montagnes, unpublished results) . Similarly, models of O. marina based on functional and numerical response data suggest when O. marina is incubated with a single prey, population cycling occurs (Davidson et al., 1995; Kimmance et al., 2006; Yang et al., in preparation) . As is discussed in detail by Davidson et al. (Davidson et al., 2010) , O. marina lends itself to such population studies (e.g. Kimmance et al., 2006) and may act as a model to assess protozoan, and possibly more general, population phenomena.
Starvation and nutritional shifts
Little is known regarding the response of O. marina to low prey concentrations, where it starves. Studies such as that by Kimmance et al. (Kimmance et al., 2006) provide a threshold level, where food is just sufficient to sustain the cells (Table I) , and a mortality response at sub-threshold concentrations (see Montagnes, 1996) . However, to our knowledge, there are no data on how O. marina will respond to changes in prey levels (either nutritional shifts up or down). Some protozoa will respond in a non-intuitive way to these shifts: e.g. ciliates may initially increase in numbers (but get smaller) when starved, and they may increase in cell size and not divide when they experience an increase in food (e.g. Lynn et al., 1987) .
Our own perception is that O. marina has a long lagphase when transferred to increased prey levels or a different prey type (Lowe, Roberts, unpublished data) . This is in agreement with the above argument made for ciliates but seems to contradict the speculations of Whiteley et al. (Whiteley et al., 1993 ) that the population progresses to G 2 -phase, to allow rapid exploitation of new resources (see Cell Division, above). Clearly, to understand its population dynamics, it will be beneficial to develop studies to examine the response of O. marina to transitional and rapidly shifting prey levels; these can then be compared to other planktonic protozoa to assess the utility of O. marina as a model. Researchers interested in pursuing this area are directed to the classic works of Fenchel (e.g. Fenchel, 1982; Fenchel, 1990) .
Abiotic factors

Temperature
Classically, biotic rate processes are expected to increase exponentially with temperature, following a Q 10 or Arrhenius response, but Montagnes et al. have argued that the response of protozoan growth rate to temperature is better modelled by a linear response. Data on O. marina seem to support the linear model (Kimmance et al., 2006) . Atkinson et al. have indicated another general temperature rule: protist cell size decreases linearly with increasing temperature, and again data on O. marina follow this trend (Kimmance et al., 2006) . Thus, O. marina has been useful in helping to further assess these general trends.
Oxyrrhis marina is able to grow between 8 and 308C (Droop, 1959; Kimmance et al., 2006) , with notable differences between clones (Lowe, Montagnes, Yang, et al., in preparation) , so this range may not be as great for any one isolate. The estuarine and intertidal environments in which O. marina occurs (e.g. Droop, 1959; Jonsson, 1994; Johnson et al., 2003; Begun et al., 2004) will vary, rapidly and extensively, in temperature (e.g. as air temperatures change), compared with typical water column conditions, possibly explaining why this species is eurythermal.
Salinity
In general, O. marina grows over a wide range of salinities, between 4 and 130 PSU, with maximum growth at 20, although there are strain-specific responses (Droop, 1959; Lowe et al., 2005) . Furthermore, O. marina is better at surviving transfers to lower salinities, rather than to higher salinities. Given its apparent global distribution and prevalence in intertidal pools and estuaries (Fenchel et al., 1995; Johnson et al., 2003; Lowe et al., 2005 Lowe et al., , 2010 , unpublished results on 400 isolates JOURNAL OF PLANKTON RESEARCH j VOLUME 00 j NUMBER 0 j PAGES 1-13 j 2010 from around the globe), it is not surprising that O. marina is euryhaline and adaptable.
pH
The two studies that have investigated the effect of pH on O. marina growth indicate that it can tolerate a wide range, growing between 7.8 and 9.8, but it dies below 7.5 (Droop, 1959; Pedersen and Hansen, 2003) . Like the data on salinity, these should not be surprising, as rock pools often exhibit a wide range of pH, due to high levels of photosynthetic activity, altering CO 2 production -consumption, which in turn alters pH. Given the interest in pH shifts in the ocean and its effect on microbes (Joint et al., 2010) , O. marina may be useful as a study organism to assess short-and long-term phenotypic and genotypic changes on protists.
Light
Strom (Strom, 2001) indicated that light may increase population growth of heterotrophic protists, and Klein et al. (Klein et al., 1986) found that light enhanced alloxanthin and chlorophyll c degradation by O. marina, suggesting that light may have an effect on its growth rate. Furthermore, Jakobsen and Strom (2004) indicated that O. marina exhibits a light-induced deil cycle in its feeding and growth rates. As O. marina contains rhodopsin, it may be that this protozoan can use light to facilitate cellular processes that increase growth rate (C. Slamovits et al., unpublished results). Clearly, this is an area for future study, not just for O. marina but to generally assess aspects of light-mediated metabolism in planktonic heterotrophs.
Oxygen
There is one report of O. marina being associated with the microaerophilic zone of a Danish fjord (Fenchel et al., 1995) . Although O. marina occurred in abundance at this interface, there was no indication that it was growing, and given this flagellate's ability to migrate and accumulate at interfaces (Menden-Deuer and Grünbaum, 2006) , it may be as Fenchel et al. (Fenchel et al., 1995) suggest: O. marina was abundant at this site because there were few predators. The ability of plankton to relocate to thin-layer conditions where growth is optimal, due to lack of predation or an increase in growth rate, is undoubtedly another area of research where O. marina could be employed as a model.
Mixing and turbulence
There is an expected negative effect of high turbulence on protozoan growth, although increased encounter with prey due to low-level turbulence may increase ingestion, and hence growth (see Peters and Marrasé, 2000) . Havskum (Havskum, 2003) found that O. marina growth significantly decreased, by 20%, at high but not low turbulence (dissipation, 1, was 1 and 5 22 cm 2 s 3 , respectively). We also found that turbulence, measured as dissipation, had no apparent effect on the growth of O. marina, except at very high levels (Fig. 6) . Note also, that our previous work (Downes-Tettmar and indicated no effect of turbulence (i.e. mixing) on Isochrysis galbana, one of the prey routinely used to grow O. marina (e.g. Kimmance et al., 2006) .
It might be expected, given that one of the natural habitats of O. marina is intertidal pools (e.g. Droop, 1959; Jonsson, 1994) , that it would be robust to mixing (turbulence), as a consequence of wave action and wind mixing. This ability to grow when mixed vigorously means that O. marina is probably a poor model organism to study the effect of turbulence on "planktonic" species. However, our data ( Fig. 6 ) and those of Havskum (Havskum, 2003) indicate that researchers need not concern themselves with detrimental influences of routine mixing when examining the effects of other parameters (e.g. temperature, prey levels), making O. marina a useful model, in this respect. It is also important to note that continuous mixing on a plankton wheel produced different population dynamics to those in containers that were only mixed once per day (Fig. 6) ; this may be due to increased encounter by predators and prey in the continually mixed cultures, but it could equally be due to aggregation of predators and prey on the bottom of cultures that were not mixed. These data, on O. marina, illustrate the benefits of continually mixed cultures, a fact well-recognized by most planktologists.
Interactions between biotic and abiotic factors
Most population and ecosystem models that include both abiotic and biotic factors do so in an additive fashion, as there are rarely measurements that allow parameterization of interactive effects. However, interactions may produce surprising results. For instance, the intensive work on O. marina by Kimmance et al. (Kimmance et al., 2006 ) is a good example of how abiotic (temperature) and biotic factors ( prey concentration) influence growth rate, cell size and ultimately production and population dynamics of organisms, in non-intuitive ways: briefly, the responses were not additive, and there were non-linear responses to a number of variables, including gross growth efficiency. It might, thus, be expected that combinations of other biotic and abiotic factors (see above) will also yield non-intuitive information about how protozoa respond to their environment. In this sense, O. marina may prove useful to explore such interactions.
Population growth in the environment
There are few data that examine population growth of O. marina in the environment. Kimmance (Kimmance, 2001 ) recorded seasonal variation in O. marina abundance in intertidal pools on the Isle of Man and indicated peaks in abundance during late June and between late July and September, when prey would have been abundant. Begun et al. (Begun et al., 2004) followed bloom dynamics of O. marina for 2 months in an enclosed bay in the Sea of Japan; they suggested that reduced salinity, caused by freshwater inflow, may have stimulated blooms that reached as high as 4 Â 10 5 O. marina mL
21
, although their data are also in keeping with the notion that freshwaters increased nutrient levels and thus increased the abundance of autotrophic (or bacterial) prey that stimulated blooms. Finally, Johnson et al. (Johnson et al., 2003) , examining summer plankton in Chesapeake Bay, USA noted that O. marina was at times abundant (0 -100 mL
) and was positively correlated with its prey, but it also was most abundant at lower salinities (10-14 PSU). From these studies, we might conclude that there are interactive effects of salinity and prey concentration on the abundance (a proxy for growth in the natural environment), as well as the known interactions between prey abundance and temperature on growth (Kimmance et al., 2006) . These field data emphasize the need for further long-term collections of O. marina, to improve our understanding of this species and appreciate it as a potential model.
OX Y R R H I S A S A M O D E L Cell and life cycles
Oxyrrhis marina is an unusual dinoflagellate, having a basal position within this group (Saldarriaga et al., 2003) and, therefore, is not necessarily an ideal candidate to act as a model of either the cell or life cycle of dinoflagellates. Furthermore, the lack of data available on O. marina reduces its immediate use to elaborate cell or life cycle patterns, in general. Thus, at present, in this respect, O. marina is a poor model. However, the basal position of O. marina in dinoflagellate phylogeny makes it a target for further evolutionary study, and specific cell cycle processes have illustrated its unique position; possibly if life cycle attributes were better understood, they too would be illuminating. Finally, if O. marina is to be used as a model for other processes (see Ecology, below), there is a need to understand both its life and cell cycles; for instance, if, as for most dinoflagellates, O. marina is homothallic, and the mini-cells that we have observed are, indeed, gametes, then sex within clonal cultures may bias long-term studies. We, therefore, strongly recommend that future research is conducted on these processes and support the ongoing efforts of those researchers who are pursuing this work.
Ecology
Oxyrrhis marina is used as a model organism to examine ecological processes . Reasons for this are: its ability to be recognized and isolated from the environment, its ease of culturing and its ability to be maintained for many years in culture (for details on culturing beyond the scope of this review, see Lowe et al., 2010b) . The last of these factors might be attributed to sex within clones, as protozoa often exhibit clonal decline when sex is prevented (Bell, 1988) . Furthermore, O. marina responds to many biotic and abiotic factors that are considered important drivers of marine productivity in pelagic environments (see above) and is able to survive over a wide range of these, possibly because in nature it experiences extremes. Thus, although O. marina is not routinely found in open-ocean waters, it is potentially useful as a proxy to model the range of environmental factors experienced by planktonic protozoa, including the effects of environmental perturbations. Given that many truly planktonic protozoa are notoriously difficult to maintain for extended periods, O. marina seems well suited as a model organism to examine both aut-and synecological processes associated with their growth.
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